Abstract: The muscleblind-like (MBNL) proteins 1, 2, and 3, which contain four CCCH zinc finger motifs (ZF1-4), are involved in the differentiation of muscle inclusion by controlling the splicing patterns of several pre-mRNAs. Especially, MBNL1 plays a crucial role in myotonic dystrophy. The CCCH zinc finger is a sequence motif found in many RNA binding proteins and is suggested to play an important role in the recognition of RNA molecules. Here, we solved the solution structures of both tandem zinc finger (TZF) motifs, TZF12 (comprising ZF1 and ZF2) and TZF34 (ZF3 and ZF4), in MBNL2 from Homo sapiens. In TZF12 of MBNL2, ZF1 and ZF2 adopt a similar fold, as reported previously for the CCCH-type zinc fingers in the TIS11d protein. The linker between ZF1 and ZF2 in MBNL2 forms an antiparallel b-sheet with the N-terminal extension of ZF1. Furthermore, ZF1 and ZF2 in MBNL2 interact with each other through hydrophobic interactions. Consequently, TZF12 forms a single, compact global fold, where ZF1 and ZF2 are approximately symmetrical about the C2 axis. The structure of the second tandem zinc finger (TZF34) in MBNL2 is similar to that of TZF12. This novel three-dimensional structure of the TZF domains in MBNL2 provides a basis for functional studies of the CCCH-type zinc finger motifs in the MBNL protein family.
Introduction
The human muscleblind-like (MBNL) 1, 2, and 3 proteins promote the inclusion or exclusion of specific exons on the corresponding pre-mRNAs by antagonizing the activities of the CUG-BP and ETR-3-like factors (CELF proteins), which are bound to distinct intronic sites. 1, 2 Reflecting the importance of the MBNL protein family, highly conserved homologues of MBNL are found in many species, ranging from worms and insects to mammals.
MBNL2 was identified as an RNA binding protein that colocalizes with integrin a3 mRNA in the cytoplasm, 4 and MBNL1 is known to be pathologically related to myotonic dystrophy (DM). 1, [5] [6] [7] [8] DM is the most common form of muscular dystrophy affecting adults. Especially, DM1, which accounts for $98% of the cases, is caused by the repetitive expansion of a trinucleotide (CTG) in the 3 0 -untranslated region of the DM1 protein kinase (DMPK) gene. 9, 10 In DM1 cells, the transcripts containing the expanded RNA repeats form an unusual hairpin secondary structure and accumulate in nuclear foci. 5, 6 The MBNL1 protein exhibits RNA-binding activity toward the transcripts with the expanded trinucleotide repeats and is sequestered on the CUG repeats in the pre-mRNAs. This sequestering consequently causes the loss of MBNL1 function, leading to the DM pathogenesis. 5, 11, 12 All three human MBNL proteins contain four CCCH zinc finger motifs (ZF1-4), and the amino acid sequences spanning ZF1-ZF2 and ZF3-ZF4 are very well conserved among the MBNL proteins, respectively. (Besides the zinc finger motifs, the linker lengths for ZF1-ZF2 and ZF3-ZF4 are identical among the MBNL protein family members (14 residues for ZF1-ZF2, and 16 residues for ZF3-ZF4) [ Fig.  1(B) ].) In addition, the N-terminal extension of ZF1 includes the highly conserved sequence (R/K) KWLTLEV immediately preceding the first Cys ligand residue of ZF1. Moreover, within each member of the MBNL family, ZF1 and ZF3 share sequence homology with each other, and have identical spacing between the Cys and His ligand residues (CX 7 CX 6 CX 3 H). This is also the case for ZF2 and ZF4 (CX 7 CX 4 CX 3 H). Thus, it is considered that ZF1-ZF2 and ZF3-ZF4 in the MBNL proteins constitute novel tandem CCCH zinc finger (TZF) motifs (CX 7 CX 6 CX 3 H-CX 7 CX 4 CX 3 H), referred to as TZF12 and TZF34, respectively. 7 The mRNA-binding activity of the MBNL family reportedly resides in the two highly conserved TZF domains (TZF12 and TZF34) [ Fig. 1(A) ].
11,12
The CCCH-type zinc finger is an evolutionarily conserved motif found in a number of proteins that perform diverse RNA-processing functions, and the structure of the tandem CCCH-type zinc finger domain of the TIS11d protein in the complex with the AU-rich element 5
0 -UUAUUUAUU-3 0 was solved. 14 In the case of TZF in the TIS11d protein, each finger adopts minimal regular secondary structure, with a short a-helix between the first and second zinc ligand residues and a 3 10 helix between the second and third zinc ligand residues. The two CCCH zinc fingers fold independently, and the linker between the two CCCH zinc finger domains is flexible in the free state. Upon binding to the target RNA, the two domains of TIS11d are arranged almost parallel to one another and bind to adjacent 5 0 -UAUU-3 0 subsites. Several intercalative stacking interactions between the conserved aromatic side chains and the RNA bases were observed upon the recognition of the single-stranded RNA molecule. In this manner, the spatial relationship between the two zinc finger domains becomes fixed, without direct interactions between these two domains.
14 Unlike the TIS11d protein, MBNL2 was described originally as a double-stranded RNA-binding protein, and it can bind to expanded CUG repeats that form an extended hairpin in vitro. 6 Therefore, the RNA recognition mode by TZFs in the MBNL family seems to be quite distinct from that observed in the TIS11d protein. To elucidate the mechanism of the accumulation of MBNL proteins on the expanded CUG repeats, structural information about the zinc finger motifs of the MBNL proteins is necessary. In this study, we solved the solution structures of both tandem zinc finger motifs TZF12 (ZF1 and ZF2) and TZF34 (ZF3 and ZF4) in MBNL2 from Homo sapiens, and we discuss the structural differences of the TZFs between the MBNL2 and TIS11d proteins.
Results

Resonance assignments
Backbone sequential and side-chain resonance assignments of the 13 protonated. The other His residues are protonated at the N e1 positions.
The experiments described above indicated that eight amino acids, six Cys and two His, are used in the zinc ion coordination. Correspondingly, for the TZF12 domain, an initial structure calculation based on the NOE restraints revealed that Cys19, Cys27, Cys34, and His38 are clustered and oriented to coordinate one zinc ion. Similarly, Cys53, Cys61, Cys66, and His70 are in the proximity of another zinc ion. For the TZF34 domain, residues Cys182, Cys190, Cys197, and His201 are coordinated with one zinc ion, while residues Cys218, Cys226, Cys231, and His235 are coordinated with another. Therefore, we decided to determine the Other strongly conserved residues in CCCH-type zinc fingers are marked by black stars. Residues involved in hydrophobic interactions within the TZF domains are marked by black circles. Residues under the black and red triangles are the amino acid residues with different (aromatic and positively charged residues) and the same properties as compared with the residues at the corresponding positions of the CCCH zinc finger in TIS11d, respectively. Characteristic residues or positions from ZF2 only and from ZF2 and ZF4 are colored green and yellow, respectively. Secondary structure elements are depicted above the aligned sequences. The sequence alignment output was created with the ESPript program. 13 [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
Solution Structure of RNA Binding Domains of MBNL2 structures of these TZF12 and TZF34 domains, on the basis of the coordination information.
Structure calculation
The Finally, the quality of the structure is also reflected by the fact that 73.8%/76.7% of the (/,w) backbone torsion angle pairs were found in the most favored regions and 25.5%/22.6% were in the additionally allowed regions of the Ramachandran plot, according to the program PROCHECK-NMR. 
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Hydrophobic interactions between ZF1 and ZF2 in the TZF12 domain
In TZF12, the two CCCH-type zinc finger motifs interact with each other through hydrophobic interactions [ Fig.  2(A,B) ]. The N-terminal extension of ZF1 (Thr15-Glu17) and the linker between ZF1 and ZF2, that is, the N-terminal extension of ZF2 (Arg49-Ile51), form an antiparallel b-sheet. This b-sheet involves both ZF1 and ZF2, which are aligned with a C2 symmetry axis. Simultaneously, the C-terminal extended region of ZF1 (Ala37-Pro39) and that of ZF2 (Leu69-Pro71), which both have the His ligand residue in the middle, are closely aligned in an antiparallel manner [ Fig. 2(A,B) ]. These C-terminal extended regions (down) and the N-terminal strands in the b-sheet (up) are ''weaved'' to form the hydrophobic core of the compact global fold of TZF12 [ Fig. 2(B) ]. The hydrophobic residues (Leu16, Val18, Ala37, and Pro39 from ZF1; Val50, Ala52, Leu69, and Pro71 from ZF2) that compose the hydrophobic core are all well conserved in the MBNL proteins [ Fig. 1(B) ]. Furthermore, the additional a-helix (spanning residues His74-Asn82) at the C-terminal end of ZF2 folds back to stabilize the TZF domain. Especially, Leu 75 at the C-terminus of the a-helix is well conserved in ZF2 and ZF4, and it contacts the other Leu residue in the LEV box (Leu16) preceding the first Cys ligand residue of ZF1. Consequently, the relative positions of ZF1 and ZF2 are fixed, and the two zinc ions are located $20 Å apart [ Fig. 2(B) ].
Tertiary structure of TZF34 of MBNL2 TZF34 has 46.2% sequence identity and 24.4% additional strong similarity to TZF12. Inevitably, TZF34 adopts a similar solution structure to that of TZF12 (see Fig. 3 ). The secondary elements in TZF34 are as follows [ Fig. 3(B) ]. There is one short a-helix (Arg183-Arg187) immediately after the first Cys ligand residue and one a-helical turn (G193-Asp196) between the second and third Cys ligand residues in ZF3, and there is one short a-helix (Met219-Lys223) just after the first Cys ligand residue and one long a-helix (Ala238-Gln248) at the C-terminal end in ZF4. The interactions between ZF3 and ZF4 are similar to those between ZF1 and ZF2, as described for TZF12. Namely, the N-terminal strand of ZF3 (Lys178-Glu180) and that of ZF4 (Thr214-Thr216) form an antiparallel bsheet structure. TZF34 has similar hydrophobic interactions between ZF3 and ZF4 [ Fig. 3(A,B) ]. The solution structures of TZF12 and TZF34 are quite similar, with corresponding secondary structure elements and the same tertiary structures [Figs. 2, 3, and 4(A) ].
Discussion
RNA recognition by the CCCH-type zinc finger of TIS11d
TIS11d contains a pair of CCCH-type zinc finger motifs of the CX 8 CX 5 CX 3 H type, with an 18-residue linker.
The linker between the two zinc fingers of TIS11d is flexible in the RNA-free state. Upon binding to the target RNA, the spatial relationship between the two zinc fingers becomes fixed. 14 Both zinc fingers of TIS11d have three pockets that accommodate three bases of the RNA molecule. These pockets are arranged around the well-conserved, key aromatic amino acid residue, located two residue positions after the third Cys ligand residue (position 0). In addition, another aromatic amino acid residue, located two residues after the second Cys ligand residue (position 1), and the Arg residue following the first Cys ligand residue (position 2) are involved in the formation of the first and second pockets, respectively.
Moreover, the N-terminal conserved (R/K)YKTEL extensions of the zinc fingers of TIS11d intimately contact the segment between the third Cys ligand residue and the fourth His ligand residues to form the third pocket, with the key aromatic amino acid for the recognition of one base moiety of RNA. 14 
CCCH-type zinc fingers in MBNL2
As described earlier, among the MBNL protein family members, the amino acid sequences of ZF1-ZF2 and ZF3-ZF4 are very well conserved. ZF1 and ZF3, and ZF2 and ZF4 belong to the CX 7 CX 6 CX 3 H and CX 7 CX 4 CX 3 H types, respectively. A superposition of the CCCH-type zinc finger motifs of TIS11d and the four zinc finger motifs of MBNL2 [ Fig. 4(B,C) ] reveals that the zinc fingers of TIS11d are closer to ZF1 and ZF3 than to ZF2 and ZF4. Although an aromatic residue resides at position 1 in the two zinc fingers of TIS11d, positively charged Arg residues occupy the corresponding positions in all four zinc fingers of the MBNL proteins [ Fig. 4(G-L) ]. Despite the replacement, we could find the pocket (pocket 1) between the key aromatic amino acid residue (position 0) and the Arg residue (position 1) for ZF1 and ZF3 [ Fig. 4(H,K) ]. On the other hand, in the case of ZF2 and ZF4, the loop between the second and third Cys ligand residues lacks one turn of the a-helix, as compared to ZF1 and ZF3. Accordingly, the side chain of the Arg residue, which is conserved at position1 among all of the CCCH zinc fingers in MBNL2, interacts with the key aromatic amino acid residue (position 0), and we could not find an obvious pocket between the two residues [ Fig.  4(C,F,I,L) ].
The positively charged residue at position 2 of TIS11d is conserved for ZF1 and ZF3 in the MBNL proteins. In contrast, in the cases of ZF2 and ZF4, position 2 is occupied by Phe and Met residues, respectively. Regardless of the type of amino acid residue at position 2, we could observe the pocket between the key aromatic amino acid residue and the position 2 residues for all four CCCH-type zinc fingers of MBNL2.
A detailed examination of the amino acid sequences of the zinc finger motifs in the MBNL proteins
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He et al. revealed that ZF2 is unique among them [ Fig. 1(B) ]. Namely, the position two residues preceding the first Cys ligand residue is occupied by Glu or Thr in ZF1, ZF3 and ZF4, but by a hydrophobic amino acid in ZF2. Furthermore, in ZF1, ZF3 and ZF4, the third position from the first Cys ligand residue is occupied by an aromatic amino acid that stacks with the His ligand residue to stabilize the zinc finger fold. In the case of ZF2, however, a Ser residue is located at this position. Interestingly, this replacement does not cause an obvious structural change in ZF2 [ Fig. 1(B) ].
Tertiary structure comparison with the TZF domain of TIS11d
In the RNA complex structure of the TZF of TIS11d, the two zinc fingers of TIS11d bind to adjacent 5 0 -UAUU-3 0 subsites on the single-stranded RNA in almost a parallel arrangement, and face the RNA molecule in a similar direction. However, in the TZF12 domain of MBNL2, the two zinc finger motifs are fixed through hydrophobic interactions, and they exhibit a 180 difference in orientation because of their C2 symmetry (see Fig. 5 ). Thus, it is impossible to superimpose the TZF domain of TIS11d in the complex with RNA and the TZF domains of MBNL2 in the free state. In contrast to TIS11d, the N-terminal extensions of the CCCH-type zinc fingers in MBNL2 (the LEV box for ZF1 and ZF3, as well as the VXh (hydrophobic) box for ZF2 and ZF4, where X stands for any amino acid) are located far away from their own CCCH zinc finger bodies. Instead, both boxes are involved in the formation of the ''inter-zinc-finger'' b-sheet in the TZF domains. Moreover, the hHP box, just located at the fourth His ligand residue, is also characteristic of the MBNL proteins, and the hHP box of ZF1 and that of ZF2 interact with each other. These two boxes contain the key residues contributing to the hydrophobic interactions of the TZF domains, as described earlier.
A comparison of the amino acid sequences among several CCCH-type ZF domains, which constitute the tandem ZF domains, revealed that only the fifth ZF domain in the CPSF4 protein contains the Pro residues just after the fourth His ligand residue. However, even for the fifth ZF domain of CPSF4, the segment corresponding to the LEV or Vxh box in the ZF domains of MBNL2 has the RVI sequence. Thus, it seems unusual that the fifth ZF domain of the CPSF4 forms the same structure as those of the TZF domains in MBNL2, as the first position of the segment must be occupied by a hydrophobic amino acid residue for the formation of the characteristic TZF structure. we identified the putative RNA binding sites that are formed by the interactions between the two ZF domains. The additional C-terminal helix plays an important role in stabilizing the TZF12 structure, as described in the Results. At the same time, the a-helix is involved in the formation of the third pocket on ZF1, with the conserved key aromatic residue (position 0) in ZF1. Namely, the third pocket at ZF1 of TZF12 is formed by Lys35, Phe36 from ZF1, and Gln78 residue from the ahelix at the C-terminal end of ZF2 [Figs. 2(D,E) and  4(H,I) ]. In addition, the pocket corresponding to the third pocket observed in TIS11d is formed on ZF2 by Lys67, Tyr68 from ZF2, and Gln44 in the linker region (Ser42-Asn47) between ZF1 and ZF2 [ Figs. 2(D,E) and  4(H,I) ]. This implies that each of the CCCH-type zinc fingers in TZF12 requires amino acid residues from the other zinc finger domain as well as its own key aromatic amino acid residues for the formation of the binding pocket. This also holds true for the TZF34 domain Intriguingly, as the linker between the two zinc finger motifs of the TZF domain is not flexible, the two predicted binding sites are fixed on opposite sides of the compact global fold of TZF12 and TZF34 in antiparallel directions, as mentioned above (see Fig.  5 ). This suggests that each of the ZF domains in the TZF domain may work independently, and thus they could bind the two single-stranded RNAs, which are aligned in opposite directions to each other. The double-stranded RNA with pyrimidine-pyrimidine mismatches is reportedly the target of MBNL proteins. 11, 21 Thus, we propose the hypothesis that, upon binding to the TZF domain, the double-stranded structure becomes untwined, and each of the single-stranded RNAs is recognized by the TZF domain [ Fig. 5(D) ]. Whether the TZF domain binds to single-stranded RNA in a similar manner as TZF of TIS11d does or binds to double-stranded RNA in a hypothetical manner or both remains to be determined by future structural experiments.
Materials and Methods
NMR sample preparation
Protein samples of the TZF12 and TZF34 domains of human MBNL2 were produced by using an E. coli based cell-free protein synthesis system. 22 For the structure determination, the uniformly 13 18 All NMR data were processed with the NMRPipe program. 24 Linear prediction and zero filling were applied in the indirect dimensions to achieve better resolution. The programs NMRView 25 and Kujira 26 were used for NMR spectra analysis.
Structure calculations
NOE data from 15 N and 13 C-edited 3D NOESY spectra were used for the structure calculations. The NOESY peak lists were generated automatically with manual checking, and the peak volumes were determined by the automatic integration function of NMRView. 25 The three-dimensional structure was determined by combined automated NOESY cross peak assignment. 27 and structure calculation with torsion angle dynamics, 28 implemented in the CYANA program. 19 The standard CYANA protocol of seven iterative cycles of NOE assignment and structure calculation, followed by a final structure calculation, was applied. Dihedral angle restraints for / and w were obtained from the main 30, 31 and for the distances between the four zinc coordinating atoms, to ensure tetrahedral zinc coordination geometry. Experimental data and structural statistics are summarized in Table I . The quality of the solution structure was evaluated using PROCHECK-NMR. 20 Structural figures were prepared with the MOLMOL program.
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Protein data bank accession numbers
The best 20 structures calculated by CYANA of the TZF12 and ZTF34 domains of human MBNL2 have been deposited in the Protein Data Bank (PDB entries 2YXI and 2E5S, respectively).
